Introduction {#Sec1}
============

Transcranial direct current stimulation (tDCS) is a recently proposed technique that stimulates brain regions by delivering weak direct currents through the skull. Depending on the polarity of stimulation, it can increase or decrease the excitability of a stimulated cortical region. The excitability of the hand motor cortex, for example, is transiently increased by anodal tDCS and decreased by cathodal tDCS (Nitsche and Paulus [@CR17]; Nitsche and Paulus [@CR18]; Furubayashi et al., [@CR6]). Furthermore, tDCS-induced excitability changes are associated with changes in the performance of both cognitive and motor tasks (Priori [@CR21]; Wassermann and Grafman [@CR24]; Tanaka and Watanabe [@CR23]). Because a tDCS device is relatively small and elicits no acoustic noise and muscle twitching compared with other brain stimulation techniques, it is suitable for double-blind sham-controlled studies and clinical applications (Gandiga et al. [@CR7]; Hummel and Cohen [@CR10]; Fregni and Pascual-Leone [@CR4]).

Previous studies have shown that tDCS can enhance the motor performance of the hands. For example, in both healthy volunteers and stroke patients the performance of hand motor tasks mimicking activities of daily living (Jebsen-Taylor hand function test) temporarily improved when anodal tDCS was applied to the hand motor cortex at an intensity of 1 mA for 20 min (Fregni et al. [@CR5]; Hummel et al. [@CR11]; Hummel and Cohen [@CR9]; Boggio et al. [@CR1]). Anodal tDCS over the hand motor cortex also increased maximal pinch force (PF) and shortened reaction time (RT) in stroke patients performing simple hand motor tasks (Hummel and Cohen [@CR9]; Hummel et al. [@CR12]). These findings imply that tDCS could be powerful tool for modulating hand function and might contribute to motor recovery in neuro-rehabilitative settings.

Many neurological disorders and strokes often lead to marked deficits in leg motor function and gait, and patients suffer from leg disabilities and gait disturbances such as impaired force generation, lower gait velocity, decreased cadence and shorter step length. Although effects of tDCS on leg motor functions would thus be relevant to neuro-rehabilitation after neurological disorders and stroke, whether tDCS applied over the leg motor cortex can have any effect on leg motor performance is still unknown. We therefore examined whether application of tDCS centered over the leg motor cortex changed PF and RT in healthy subjects. A previous study demonstrated that anodal tDCS transiently enhanced the motor-evoked potentials (MEPs) in the contralateral leg motor cortex in healthy subjects (Jeffery et al. [@CR13]), and we hypothesized that anodal tDCS over the leg motor cortex could facilitate the performance of leg motor tasks.

Methods {#Sec2}
=======

Subjects {#Sec3}
--------

Ten healthy adult volunteers (8 male and 2 female; mean age 23.8 years; range 20--35 years) participated in the present study. All reported right hand dominant and right leg dominant, and none had a history of psychiatric or neurological illness. All subjects gave written, informed consent before the experiments, which were approved by the local ethics committee of the National Institute for Neuroscience.

Procedure {#Sec4}
---------

We examined the effect of tDCS over the right leg motor cortex on the PF and RT tasks (Fig. [1](#Fig1){ref-type="fig"}a). In the PF task, maximal pinch forces of the left toe and the left finger were measured. In the RT task, subjects brought the left toe up (ankle flexion) or extended the left thumb (finger extension) as quickly as possible in response to a visual stimulus presented on a computer screen. All subjects participated in three sessions: anodal, cathodal tDCS and sham stimulation. The three sessions were separated by at least 1 week and the order was counter-balanced among subjects. Before starting each session, the subjects practiced the tasks for familiarization. Each session consisted of four blocks of the PF task (before, during, 30 and 60 min after the tDCS intervention: 3 trials per block) and the five blocks of RT task (before, during, 10, 30 and 60 min after the offset of the intervention: 25 trials per block). It took roughly 1.5 min to complete a block of the PF task, and 3 min to complete a block of the RT task. In all tasks, the non-dominant (i.e., left) hand and leg were used to avoid ceiling effect. The orders of the leg and hand use and of the PF and RT tasks were counter-balanced across the subjects. No feedback regarding PF and RT performances was given. One subject performed only the leg PF task and another performed only the leg PF and RT tasks. The hand RT task data for another subject were not collected because of machine trouble.Fig. 1**a** Experimental design. The effect of tDCS on the leg motor cortex was examined in the PF and RT tasks. In the PF task the maximal pinch strength of the left leg was measured. In the RT task the subjects responded to a visual stimulus by using the left leg as quickly as possible. All subjects participated in anodal-tDCS, cathodal-tDCS and sham-stimulation experimental sessions, and each session consisted of four blocks of the PF task and five blocks of the RT task. After subjects performed a block of the PF and RT tasks, 2 mA tDCS over the leg motor cortex was applied for 10 min. The spatial focality of tDCS effect was evaluated by also measuring the PF and RT when the tasks were performed with the left hand. **b** Leg pinch force device. Maximal PF of the left great toe and the digitus secundus was assessed using a toe-gap force measurement device. Subjects were seated in an armchair and asked to squeeze the gauge as hard as possible for 1--3 s

Tasks {#Sec5}
-----

### Leg pinch force measurement {#Sec6}

Maximal PF (in newtons) of the left great toe and the digitus secundus was assessed using a toe-gap force measurement device (Fig. [1](#Fig1){ref-type="fig"}b; Sokushi Checker, Shinkikaku Shuppan, Tokyo, Japan). Muscles directly related to PF are the transverse head of adductor hallucis and the plantar interossei (Yamashita et al. [@CR27]). Toe PF is also generated by collaborative activation of other muscles, such as the extensor digitorum brevis, extensor digitorum longus, flexor digitorum brevis and tibialis anterior (TA). The electromyogram activities of these muscles during the PF measurements increased with the generated force (Yamashita and Saito [@CR26]). The measured PF is closely related to the physical performance of the lower limbs (e.g., 10-m walking time; Yamashita et al. [@CR27]). The PF is therefore considered to reflect the muscular power of the lower limb.

During the measurement the subjects were seated in an armchair with the left leg flexed at the hip (90°) and the knee (90°) and with the ankle in 90° of plantar flexion. The subjects used their left great toe and digitus secundus to squeeze the gauge as hard as possible for 1--3 s. The subjects were instructed not to raise their heel during the measurement. The number of trials (3 trials) per block was determined to avoid the effect of fatigue. No significant differences of baseline PF performance among three (anode, cathode and sham) conditions (see "[Results](#Sec13){ref-type="sec"}") suggest the test--retest reliability on this way of the measurement. All measurements were performed by the same investigator, with the same device, and under the same experimental conditions.

### Leg reaction time task {#Sec7}

The subjects were seated in front of a computer monitor. Each trial started with a visual warning signal (green square) on the center of the screen, after which a GO signal (red square) was presented at random intervals (2--6 s). Subjects were asked to relax the muscle immediately after they responded and to get ready for the next trial. Subjects used the left leg to keep pressing a pedal (FS30A-USB-UL, Kinesis Corporation, Bothell, WA, USA) while the warning signal was presented, and they responded to the GO signal by releasing the pedal as quickly as possible. The RT was defined as the interval (ms) between the onset of the GO signal and the onset of the release movement.

### Hand pinch force measurement {#Sec8}

The subjects were seated in the chair with both arms relaxed. They held the arm of a dynamometer (Hydraulic Hand Dynamometer, Baseline, Irvington, NY, USA) between the lateral aspect of the middle phalanx of the index finger and the thumb pad of the left hand and squeezed it as hard as possible for 1--3 s (Mathiowetz et al. [@CR14], [@CR15]; Muellbacher et al. [@CR16]; Hummel et al. [@CR12]).

### Hand reaction time task {#Sec9}

The overall procedure was the same as that of the leg RT task, but with a hand-made button box instead of the foot pedal. The subjects used their left thumb to keep pressing the button while the warning signal was presented, and they responded to the GO signal by releasing the button as quickly as possible.

tDCS {#Sec10}
----

A DC Stimulator Plus (NeuroConn, Ilmenau, Germany) delivered direct current through two sponge surface electrodes (each with a surface area of 35 cm^2^) soaked with 15 mM NaCl (Dundas et al. [@CR3]). One electrode was positioned over the left leg representation of the right motor cortex in which transcranial magnetic stimulation (TMS) elicited twitches in the TA, and the other electrode was placed on the forehead above the contralateral orbit. The intensity of anodal and cathodal tDCS was 2 mA. The tDCS was applied for 10 min (including the initial 15 s during which the current was gradually increased from 0 and the last 15 s during which it was gradually decreased to 0). Anodal tDCS with these parameters has been reported to change the excitability of the leg motor cortex without inducing side effects (Jeffery et al. [@CR13]). The current density at the stimulation electrodes was 0.057 mA/cm^2^ and the total charge was 0.069 C/cm^2^. These parameters are in accordance with a safety criterion and far below the threshold for tissue damage (Nitsche et al. [@CR19]). The voltage during tDCS application was less than 10 V. For sham stimulation the same procedure was used but current was applied for only 30 s (Gandiga et al. [@CR7]).

Transcranial magnetic stimulation {#Sec11}
---------------------------------

The position of tDCS electrode was centered on the scalp position where TMS elicited twitching of the left TA. TMS was delivered using A Magstim 200 Stimulator (Magstim, Whitland, UK) through 80-mm figure-eight coils oriented in the posterior--anterior direction. At the beginning of each session, we determined the resting motor threshold (rMT) for the left TA muscle over the leg motor cortex in the right hemisphere. rMT was defined as the lowest intensity of TMS output required to elicit MEPs of 100-μV peak-to-peak amplitude in five of ten consecutive trials (Rossini et al. [@CR22]). We determined the optimal position for activation of the TA muscle by moving the coils in 1 cm steps along the mid-sagittal line crossing Cz (International 10--20 system). Using this method, TMS was able to elicit leg MEPs in all subjects. The mean rMT was 80.9 ± 9.2 (mean ± SD) percent of maximum stimulator output. EMG surface electrodes were positioned on the skin overlying the left TA muscles in a bipolar montage (inter-electrode distance 2 cm).

Data analysis {#Sec12}
-------------

The data of the four tasks (leg PF, leg RT, hand PF and hand RT) were analyzed separately. For each subject, the maximal PF out of three measurements and the median RT of 25 trials were calculated for each block. The data were normalized with respect to the performances before the intervention. For each task, the normalized data were subjected to a two-way analysis of variance (ANOVA) with intervention (anodal, cathodal and sham) and TIME (time course during and after current stimulation: three time points for the PF tasks and four for the RT tasks) as within-subject factors. Post hoc tests were performed with Bonferroni correction for multiple comparisons.

Results {#Sec13}
=======

No subjects reported any side effects. None noticed the difference between real and sham stimulation sessions. One-way ANOVA revealed that there was no significant difference in pre-stimulation blocks in all four tasks \[leg PF (*F*~(2,18)~ = 0.04, n.s.), leg RT (*F*~(2,16)~ = 0.01, n.s.), hand PF (*F*~(2,14)~ = 0.26, n.s.) and hand RT (*F*~(2,12)~ = 1.18, n.s.)\]. The data were therefore normalized with respect to the performances before the intervention for each subject and each task (Fig. [2](#Fig2){ref-type="fig"}a).Fig. 2**a** Results showing the effect of tDCS on PF and RT tasks. Mean performance is plotted as a function of time relative to the intervention, with bars indicating SEM (\**P* \< 0.05, \*\**P* \< 0.01). Leg PF (*left upper*), leg RT (*left lower*), hand PF (*right upper*), Hand RT (*right lower*). The data are normalized with respect to baseline value before the intervention. Anodal tDCS (*grey circle*) significantly increased the maximal PF during its application and 30 min after stimulation compared to baseline. Neither cathodal (*white rectangle*) nor sham (*black triangle*) stimulation changed the maximal PF, and neither anodal nor cathodal significantly affect on leg RT, hand PF or hand RT. **b** Individual results for maximal leg PF. Each of the plotted values plot is an individual maximal PF before or during tDCS application. Anodal tDCS increased the PF maximal in all subjects, and neither cathodal tDCS nor sham stimulation affected PF consistently across subjects (\*\*\**P* \< 0.001)

Leg motor tasks {#Sec14}
---------------

The effects of tDCS on the maximal PF in the leg motor tasks were evaluated by performing a two-way repeated measure of ANOVA with factors of intervention (anodal, cathodal and sham) and TIME (during, 30 and 60 min after stimulation) (Fig. [2](#Fig2){ref-type="fig"}a, left upper). The main effects of TIME \[*F*~(2,18)~ = 0.44, n.s.\] and the intervention× time interaction \[*F*~(4,36)~ = 2.36, *P* = 0.71\] were not significant, whereas the main effect of the intervention was significant \[*F*~(2,18)~ = 6.87, *P* \< 0.01\]. The significant main effect of the intervention indicated that the three types of tDCS influenced maximal leg PF differently. Post hoc analyses revealed that the maximal PF during anodal tDCS was significantly higher compared to sham (*P* \< 0.05 with Bonferroni correction) and cathodal tDCS (*P* \< 0.001). Thirty minutes after the offset of current flow, the maximal PF was still significantly higher for anodal than for cathodal tDCS (*P* \< 0.01) while there was no longer significant difference between anodal and sham stimulation. There were no significant differences in the maximal PF 60 min after stimulation. Individual maximal leg PF values before and during tDCS application are shown in Fig. [2](#Fig2){ref-type="fig"}b, where one sees that with anodal tDCS the maximal PF increased in all subjects (pre vs. during comparison, paired *t* test, *t*~(9)~ = 5.61, *P* \< 0.001) and with cathodal and sham stimulation there was no consistent change across subjects \[cathodal (*t*~(9)~ = 0.75, n.s.), sham (*t*~(9)~ = 0.25, n.s.)\]. These results indicated that anodal tDCS transiently enhanced maximal leg PF during and 30 min after its application but that neither cathodal tDCS nor sham stimulation affected maximal leg PF significantly. These findings are consistent with a previous report that anodal tDCS enhanced the excitability of the leg motor cortex (Jeffery et al. [@CR13]). On the other hand, none of the interventions had a significant effect on leg RT \[Fig. [2](#Fig2){ref-type="fig"}a left lower, intervention (*F*~(2,16)~ = 0.20, n.s.) and time (*F*~(3,24)~ = 0.63, n.s.), interaction (*F*~(6,48)~ = 0.56, n.s.)\].

Hand motor tasks {#Sec15}
----------------

None of the interventions significantly affected the maximal PF in the hand motor tasks (Fig. [2](#Fig2){ref-type="fig"}a right upper, intervention (*F*~(2,14)~ = 0.34, n.s.), time (*F*~(2,14)~ = 1.62, n.s.), interaction (*F*~(4,28)~ = 0.39, n.s.)\] and RT \[Fig. [2](#Fig2){ref-type="fig"}a right lower, intervention (*F*~(2,12)~ = 0.60, n.s.), time (*F*~(3,18)~ = 0.32, n.s.), interaction (*F*~(6,36)~ = 0.86, n.s.)\]. The absence of significant effects of tDCS on either the PF or the RT of the hand indicates that the anodal tDCS with the present stimulation parameters had somatotopically specific effects.

Discussion {#Sec16}
==========

The present results demonstrated for the first time that anodal tDCS over the leg motor cortex temporarily facilitated maximal leg PF contralateral to the stimulation. The enhancement lasted for 30 min after the end of stimulation and was not observed in the hand motor tasks. The effecter-specificity of the modulation indicated that the results were not caused by general effects such as increased arousal or changes in attention, motivation or mood. The effecter-specificity also indicates that tDCS could induce the change in the leg motor function without affecting the hand function, presumably because the hand motor cortex is about 3--4 cm apart from the leg motor cortex.

Hand motor performance enhanced by anodal tDCS has been observed in previous tDCS studies (Hummel et al. [@CR11], [@CR12]), and the degree of the improvement of leg PF in our study (20.5%) was comparable to the degree of tDCS-induced improvement observed in previous studies of hand motor function. In those studies, the current was 1 mA, whereas it was of 2 mA in our study because the leg motor areas are less excitable than hand motor areas (Jeffery et al. [@CR13]). Therefore, there might be the qualitatively similar effects on behavioral performance between 1-mA anodal tDCS over the hand motor cortex and 2-mA anodal tDCS over the leg motor cortex.

In the present study, the anodal tDCS over the leg motor cortex did not change the leg RT contralateral to the stimulation. The RT in hand motor tasks has been reported to be facilitated by anodal tDCS (Hummel and Cohen [@CR9]; Hummel et al. [@CR12]). The absence of an effect of tDCS on leg RT might be due to performance ceiling. In the present study, the subjects were healthy adult volunteers (mean age 23.8 years) and their RTs were already quite short before the intervention (mean RT 272 ms). The subjects in the previous studies, in contrast, were older patients (mean age 57.0 years) with chronic stroke and might therefore be expected to respond more slowly than younger healthy adults (Hummel et al. [@CR12]). Another possibility is that, because of low spatial focality of tDCS, anodal tDCS in the previous studies stimulated not only the hand motor cortex but also the premotor cortex. Then, anodal tDCS may facilitate externally triggered movement, a possible function of the premotor cortex (Goldberg [@CR8]; Wessel et al. [@CR25]; Crosson et al. [@CR2]), which is required for performing the RT task. It is also possible that the RT task might not be sensitive enough for detecting the effect of tDCS, or the stimulation strength and/or duration (10 min of 2 mA) might not be sufficient to induce meaningful behavioral gains in the task.

In accordance with tDCS effect on the excitability of leg motor cortex (Jeffery et al. [@CR13]), we did not observe significant effect of cathodal tDCS on the behavioral performances. This might be due to the leg motor cortex having fewer inhibitory circuits than the hand motor cortex, or cathodal current might be less effective in the leg motor cortex because of the different orientation and position of the leg motor cortex relative to the scalp (Jeffery et al. [@CR13]). One difference between the results of the electrophysiological study by Jeffery et al. ([@CR13]) and our present results is the duration of the after-effect of tDCS. In their study, 10 min of anodal tDCS increased the excitability of the leg cotricospinal tract for over 60 min after the stimulation. The effect of anodal tDCS on the maximal PF of the leg that we observed, on the other hand, was relatively short-lasting, and the PF returned to its baseline value 60 min after the stimulation. It might be more difficult to induce long-lasting change of final behavioral output by tDCS. Alternatively, this discrepancy might be due to the differences in equipment, subject population and/or experimental conditions between Jeffery et al. ([@CR13]) and ours.

Mechanisms underlying the enhanced leg PF are still speculative. One possibility is that an increase of corticospinal excitability by anodal tDCS in the leg motor cortex contributed to the behavioral gain. Another possibility is that tDCS increase intermuscular coupling. Anodal tDCS over the hand motor cortex has been reported to increase beta-band intermuscular coherence in the first dorsal interosseous and extensor digitorum communis muscles (Power et al. [@CR20]). Collaborative activation of lower limb muscles is needed for generation of the PF in toes. Thus, a more optimal coupling of these muscles by anodal tDCS may contribute to the enhanced maximal PF in the leg. Resolving this issue will require further experiments in which leg behavioral performance and brain and muscular activities are measured simultaneously and correlated.

In summary, we have shown that the leg motor performance of healthy adult subjects is transiently enhanced by anodal tDCS over the contralateral leg motor cortex. This is the direct evidence that tDCS can induce not only the change of local cortical excitability (physiological changes) but also behavioral gain of the motor function (behavioral/functional changes). Because tDCS can be applied while subjects are performing a leg motor task, it might be useful in the neuro-rehabilitation of patients with leg motor disabilities.
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